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I.  Executive  Summary 

Technical  Approach:  Our  technical  approach  is  to  utilize  thin  film  technology  and  surface 

micromachining  techniques  to  demonstrate  an  edge  emitter  based  vacuum  triode.  The  edge 

emitter  triode  jqiproach  offers  several  potential  advantages  to  achieving  high  frequency  device 

operation  (compared  to  cone  emitters  or  wedge  emitters): 

•  The  fabrication  process  is  a  planar  process,  compatible  with  most  silicon  IC  manufacturing. 

•  Thin  film  processes  for  the  films  used  in  the  triode  process  are  well  controlled  and 
reproducible.  Control  of  film  thicknesses  to  within  5%  for  the  emitter  film  thickness  is 
easily  attainable  resulting  in  a  well-controlled  edge  emitter. 

•  Device  capacitance  for  the  edge  emitter  is  less  than  that  achievable  for  cones  or  wedges 
resulting  in  potentially  higher  frequency  operation. 

Program  Objective:  Demonstrate  an  edge  emitter  based  vacuum  triode  with 

emission  current  density  of  10  uA/|im  at  less  than  250  V 
which  can  be  modulated  at  1  GHz  continuously  for  1  hour. 

Key  Achievements  (this  reporting  period) 

•  Demonstrated  current  densities  of  10  pA/pm  for  a  oi  xie  field  emitter  (at  ~120V) 

•  Achieved  a  maximum  current  emission  of  380  pA  for  a  single  diode  ^ge  emitter,  a  factor 
of  2.5  greater  than  repor.ed  last  quarter  and  a  factor  of  ~25  greater  than  at  program  start 

•  Completed  first  triode  field  emitter  process  ran.  Devices  presently  are  in  test.  Initiated 
second  triode  fabrication  ran. 

•  Designed  diode  array  device  to  demotj  "ate  total  device  emission  current  of  5  pA  and  5 A 
cm-2.  Initiated  diode  array  fabrication  run. 

•  Completed  the  fifth  and  sixth  fabrication  runs  of  diode  field  emitter  devices  to  examine  the 
influence  of  emitter  material  on  device  performance  and  to  compare  TaN  and  sputtered 
boron  doped  polysilicon  resistors. 

II.  Milestone  Status 

Completion  Date 


Planned 

Actual  (estimate) 

1.  Field  Emitter  Development 

Test  Structure  Design  Complete 

12/91 

1/92  (complete) 

Determine  Workable  Emitter  Structure 

3/92 

3/92  (complete) 

Demonstrate  Emission  Current  of  10  pA/pm 

11/92 

11/92  complete 

Deliver  10  Field  Emitting  Diodes 

12/92 

12/92  (on  plan) 
(delivered 
10/13/92) 

2.  Process  Development 

High  Resistivity  Thin  Film  Resistor 

4/92 

9/92  (complete) 

Complete  Dielectric  Studies 

5/92 

6/92  (complete) 

Mechaitical  and  Electrical  FEM  Analysis 

5/92 

8/92  (complete) 

3.  Triode  Development 

-Tnode  Design  Complete 

4/92 

5/92  (complete) 

-Demonstrate  Reliable/Uniform  Current  Emission 

7/92 

10/92 

-Demonstrate  Modulated/Edge  Emitter  Triode 

8/92 

11/92 

-Demonstrate  1  GHz  Modulation  of  Triode 

2/93 

12/92 

-Deliver  2  Triodes 

3/93 

2/93 

4.  Final  Report  (Baseline) 

4/93 

4/93 

III.  Technical  Progress 

Effons  during  this  reporting  period  focussed  on  the  following; 

•  Completion  of  the  triode  field  emitter  design  and  fabrication  of  the  first  mode  devices. 

•  Design  of  an  edge  emitter  diode  array  for  achieving  the  5  A  cm-2  and  5  mA  total  current 
program  objective. 

•  Fabrication  of  thin  film  emitter  diodes  to  evaluate  emitter  material  and  thin  film  resistors. 

•  Extensive  testing  of  field  emitter  diodes  for  current  emission,  emission  uniformity, 
emission  current  behavior  versus  control  voltage,  etc. 

Task  1.  Field  Emitter  Development 

Two  additional  field  emitter  diode  fabrication  runs  (diode  run  #5  and  #6)  were  completed  this 
quarter  (4  runs  were  completed  last  quarter).  The  primary  objective  of  the  runs  were  to  stnHy 
the  influence  of  emitter  material  on  the  performances  of  the  devices.  The  runs  looked  at  TiW, 
WNx,  WSix,  TaN,  a  TiW/WSix/TiW  layered  emitter  and  (Si,Ta)Nx  cermet.  A  second  objective 
of  run  #5  was  to  compare  TaN  and  sputtered  boron  doped  polysilicon  resistors  for  device 
current  limiters.  Diodes  from  these  runs  are  presently  in  testing. 

Extensive  testing  was  carried  out  this  quarter  on  devices  from  the  first  four  diode  fabrication 
runs.  With  the  field  emitter  diode  structure  we  have  measured  the  following  device 
performance; 

•  Highest  current  ever  reported  for  a  single  edge;  380  mA. 

•  Highest  current  densities  reported  for  an  edge  emitter;  9.6  tiA/pm. 

•  Long-term  current  emission;  50  mA  emission  from  a  single  edge  for  greater  than  70  hours. 

•  Current  areal  densities  with  similar  performance  to  field  emitter  arrays  based  on  Mo  cones. 

•  Comb  structure  emitters  with  and  without  current  equalization  sense  resistors. 

Below  is  a  summary  of  our  best  results  to  date  obtained  for  different  device  sizes  and  materials; 

Emitter  Material:  300A  TiW 


Device  Width 

Resistor 

Maximum  Current 

5  pm 

No  Resistor 

48  pA 

9.6  pA/pm 

10  pm 

No  Resistor 

59  pA 

5.9  pA/pm 

No  Resistor 

165  pA 

8.25  pA/pm 

1  50  pm 

No  Resistor 

288  pA 

5.75  pA/pm 

No  Resistor 

583  pA 

K£I!SS!SaHBi 

Emitter  Material 

Maximum  Current 

Maximum  Current  Density 

TiW 

380  pA 

9.6  pA/pm 

Pt 

6  pA 

0.6  pA/pm 

Mo 

utha 

1  pA/pm 

250  pA 

7.8  pA/pm 

WNx 

ll8pA 

9.1  pA/pm 

As  indicated  by  the  dependence  of  bum-out  current  on  edge-width,  we  can  conclude  that  the 
emission  current  is  not  coming  from  the  two  comers  of  the  edge,  but  rather  from  the  length  of 
the  edge  though  it  does  not  scde  linearly. 


We  have  also  demonstrated  repeatable  diode-like  IV  characteristics  with  the  edge  emitter  diode. 
The  device  has  5  |jun  wide  fingers  and  5  um  spaces  and  uses  a  lMf2/square  resistor  (TaN  - 
developed  earlier  in  this  program)  in  each  finger  to  serve  as  a  current  limiter. 

We  have  also  made  changes  to  the  diode  mask  set  to  fabricate  field  emitter  diode  arrays  which 
will  meet  the  5  A  cm‘2  and  5  mA  total  current  objective  of  the  program.  These  arrays  were 
designed  based  on  the  diode  results  achieved  to  date.  The  designs  assume  a  2  pA/pm  emission 
current  density  to  achieve  the  5  mA  total  current  goal.  Devices  are  now  in  fabrication  and  are 
expected  to  be  completed  in  mid  October. 

Task  2  Process  Development 

Several  experiments  were  carried  out  to  define  the  fabrication  process  for  the  vacuum  triode 
device: 

Comb  definition:  A  critical  step  in  the  triode  process  is  the  definition  of  the  comb  emitter.  At 
this  point,  we  are  etching  both  the  emitter  and  the  current  limiting  resistor.  Since  there  is 
overlap  between  the  emitter  and  the  resistor  it  implies  that  there  will  be  some  region  of  the 
underlying  nitride  layer  that  will  be  exposed  for  longer  times  than  others.  We  developed 
processes  to  have  an  etch  stop  such  as  ZrO  and  AI2O3  to  prevent  etching  of  the  nitride. 

Layered  Emitter  Structures:  A  process  was  developed  for  depositing  Ti/TiW/Al  layered  emitter 
structures. 

PECVD  Oxide  Sacrificial  Laver:  We  have  decided  to  change  from  BSQ  to  PECVD  oxide  for 
the  sacrificial  layer  because  of  the  faster  etch  rate  of  PECVD  oxide  (4,000A/min  for  PECVD 
oxide  vs.  500A/min  for  BSQ.)  The  slower  etch  rate  means  that  the  nitride  support  layers  of  the 
emitter  and  the  control  layers  are  exposed  to  BOE  for  a  longer  period  of  time  ^an  is  desirable. 
The  substitution  of  PECVD  oxide  for  BSQ  means  this  nitride  will  not  be  exposed  to  such  a 
long  etch  time. 

Task  3  Triode  Development 

The  thin  film  edge  emitter  triode  design  was  completed  at  the  beginning  of  this  reporting 
period.  Mask  sets  were  ordered  and  the  first  fabrication  run  was  completed  in  mid-September. 
The  run  had  four  emitter  splits:  (1)  200A  TiW  emitter,  (2)  400A  TiW;  (3)  200A  WSix,  and  (d) 
400A  WSix.  Several  issues  were  encountered  during  device  fabrication  which  affected  yield  for 
this  run.  These  issues  have  been  addressed  in  process  development  tasks.  As  a  result  we  have 
subsequently  made  the  following  changes  in  the  triode  process: 

•  The  emitter  layer  support  nitride  thickness  will  be  increased. 

•  The  sacrificial  etch  layer  was  changed  from  BSQ  to  PECVD  oxide. 

•  The  nitride  layer  is  now  layered  with  two  outer  nitride  layers  which  are  resistant  to  buffered 
HE  and  inner  layer  of  low  stress  nitride. 

•  The  comb  definition  step  and  the  emitter  cap  definition  steps  have  ben  revised  to  have 
proper  inspection  to  prevent  incomplete  etching  at  critical  steps  necessary  for  the  self 
alignment  of  the  emitter  to  the  control  electrodes. 


Two  wafers  from  the  first  triode  fabrication  run  have  potentially  working  devices.  They  will  be 
tested  and  evaluated  in  early  October.  We  have  started  the  second  triode  fabrication  run, 
incorporating  the  above  mentioned  changes  and  expect  to  complete  this  run  in  early-to-mid 
November. 

We  continued  our  analysis  of  triode  performance  this  performing  period  Analysis  of  the  triode 
equivalent  circuit  for  the  edge  emitter  modes  being  processed  currently  show  that  we  can 
expect  1  GHZ  operation  with  some  gain  and  that  the  gain  will  increase  as  the  device  geometry 
(namely,  the  control  electrode-to-emitter  spacing)  is  i^uced  With  the  edge  emitter 
configuration  this  spacing  can  be  readily  controlled.  In  addition,  our  analysis  shows  that  if  the 
current  is  limited  by  its  density  at  the  emitter  surface  we  can  expect  an  order  of  magnitude 
greater  current  capability  with  the  edge  emitter  than  with  a  cone  emitter.  Finite  element 
modeling  (FEM)  analysis  shows  that  the  mechanical  stabilip'  of  the  device,  under  electrostatic 
loading,  is  quite  good  and  that  we  should  expect  little  (~10A)  electrode  deflection  during  device 
operation.  More  details  of  the  modeling  effort  are  presented  in  the  Quarterly  Technical  Report 
for  this  reporting  period. 

Plans  for  Next  Reporting  Period 

•  Complete  testing  of  first  triode  fabrication  mn. 

•  Complete  fabrication  of  diode  array  test  mask.  Demonstrate  current  emission  of  5  mA  total 
current. 

•  Complete  fabrication  of  the  second  triode  fabrication  run.  Demonstrate  current  emission 
from  the  edge  emitter  triode. 

•  Complete  high  fiequency  test  set-up  in  vacuum  test  set-up. 

•  Initiate  high  frequency  testing  and  demonstrate  IGHz  modulation  of  an  edge  emitter 
triode. 
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VME  Spending  Profile 
10-1-92 


Months  After  Start 


Expenditures  this  quarter 

$  340,492 

Total  expenditures  to  date 

$1,000,896 

Projected  expenditures: 

10/92  -12/92 

$245K 

1/93-  3/93 

$  70K 

Total  Projected  Cost  for  FY92 

$1,000,896 

Total  Projected  Cost  for  Baseline  Program 

$1,315,650 

V.  Problem  Areas 

No  main  technical  barrier  or  administrative  problems  are  seen  at  this  point 


VI.  Visits  and  Technical  Presentations 

*  A  paper  entitled  "Thin-film  edge  emitter  array  vacuum  transistor"  was  presented  at  the  Fifth 
International  Vacuum  Microelectronics  Conference  in  Vienna,  Austria,  July  13-17, 1992, 
by  Dr.  Tayo  Akinwande.  This  work  was  sponsored,  in  pan,  by  the  DARPA  VME 
program.  Acknowledgement  was  given  to  DARPA. 

•  Our  paper  entitled  "Nanometer  Sc^e  Thin-Film-Edge  Emitter  Devices  with  High  Current 
Density  Characteristics"  was  accepted  for  the  International  Electron  Devices  Meeting 
(lEDM)  to  be  held  in  San  Francisco  in  December.  Approval  has  been  given  by  DARPA  to 
present  this  paper. 


